Alterations in epithelial cell polarity and in the subcellular distributions of epithelial ion transport proteins are key molecular consequences of acute kidney injury and intracellular energy depletion. AMP-activated protein kinase (AMPK), a cellular energy sensor, is rapidly activated in response to renal ischemia, and we demonstrate that its activity is upregulated by energy depletion in Madin-Darby canine kidney (MDCK) cells. We hypothesized that AMPK activity may influence the maintenance or recovery of epithelial cell organization in mammalian renal epithelial cells subjected to energy depletion. MDCK cells were ATP depleted through a 1-h incubation with antimycin A and 2-deoxyglucose. Immunofluoresence localization demonstrated that this regimen induces mislocalization of the Na-K-ATPase from its normal residence at the basolateral plasma membrane to intracellular vesicular compartments. When cells were pretreated with the AMPK activator metformin before energy depletion, basolateral localization of Na-K-ATPase was preserved. In MDCK cells in which AMPK expression was stably knocked down with short hairpin RNA, preactivation of AMPK with metformin did not prevent Na-K-ATPase redistribution in response to energy depletion. In vivo studies demonstrate that metformin activated renal AMPK and that treatment with metformin before renal ischemia preserved cellular integrity, preserved Na-K-ATPase localization, and led to reduced levels of neutrophil gelatinase-associated lipocalin, a biomarker of tubular injury. Thus AMPK may play a role in preserving the functional integrity of epithelial plasma membrane domains in the face of energy depletion. Furthermore, pretreatment with an AMPK activator before ischemia may attenuate the severity of renal tubular injury in the context of acute kidney injury.
epithelial polarity; MDCK ACUTE KIDNEY INJURY (AKI) induced by renal ischemia leads to significant morbidity and mortality (45) . Despite advances in the understanding of molecular mechanisms associated with ischemic AKI, treatment remains largely supportive (55) . At a molecular level, energy deprivation causes key energy-dependent membrane proteins to become displaced and dysfunctional. In particular, in the proximal tubule, the Na-K-ATPase is internalized from the basolateral membrane, disrupting the cell's capacity to maintain normal transepithelial sodium transport (13) . Preservation of a polarized plasma membrane distribution of Na-K-ATPase in renal epithelia is essential for the maintenance of both solute reabsorption and volume homeostasis. It has been demonstrated that Na-K-ATPase becomes mislocalized after energy deprivation (34, 39, 40) . ATP depletion also perturbs the distributions of tight junction proteins, further disrupting epithelial cell polarity and organization (16) and leading to backleak of extracellular fluid into the urinary space. Such molecular insults result in a myriad of clinical consequences, including electrolyte disturbances, fluid imbalance, and accumulation of potentially harmful toxins.
The AMP-activated protein kinase (AMPK) is a promising component of a signaling cascade that may modulate the severity of ischemic injury. AMPK is a ubiquitously expressed serine-threonine kinase that serves as an important intracellular energy sensor. It is activated by conditions that deplete ATP and alter the AMP:ATP ratio, including hypoxia, ischemia, and glucose deprivation (18) . AMPK stimulates catabolic pathways such as fatty acid oxidation, glucose uptake, and glycolysis, while downregulating ATP-utilizing systems, including those associated with fatty acid and protein synthesis (22) . In addition, it couples information about metabolic status to the regulation of membrane transport (18, 20) . Other targets of AMPK include pathways modulating inflammation, apoptosis, angiogenesis, and blood flow (48, 54, 60) . Additionally, our group and others have demonstrated that AMPK is involved in tight junction assembly (64, 66) . Finally, multiple investigators have described the importance of AMPK in the maintenance of cell polarity, with or without energetic stress (29, 37) .
In light of these properties, we theorized that AMPK might play a role in kidney ischemic preconditioning. The concept of ischemic preconditioning is based on the observation that brief intermittent ischemic events are protective against large ischemic attacks in canine hearts (42) . Decades of study indicate that similar preconditioning phenomena operate in the kidney (3, 7) . In vivo, renal ischemic preconditioning protects cell polarity, and in particular ameliorates mislocalization of Na-K-ATPase (3) . Proposed mechanisms include slowing of ATP depletion and reduction in energy demand during ischemia; dedifferentiation of epithelial cells; and upregulation of protective proteins and pathways (3, 7, 42) . We wished to investigate whether AMPK was a factor which, if functionally upregulated before renal ischemia, could exert a protective effect. Preactivation of AMPK before ischemia might protect cells by conserving and reallocating energy stores via downregulation of anabolic pathways and upregulation of systems generating ATP.
The importance of AMPK in the setting of ischemic cardiac injury has been well described (46, 58) . Transgenic mice expressing a dominant negative AMPK isoform demonstrate impaired functional recovery when subjected to cardiac ischemia-reperfusion injury (54) . Furthermore, cardiac cells from these mice were less responsive to preconditioning, as opposed to wild-type cells. Preactivation of AMPK by 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR) is also associated with reduced severity of LPS-induced lung injury (65) . In the kidney, Mount et al. (41) demonstrated that AMPK is quickly and dramatically upregulated in ischemic injury, although the pathways through which it acts appear to be unique from those that transduce its influence in skeletal and cardiac muscle.
Our studies aimed to characterize the role of AMPK in the modulation of renal epithelial cell injury. We hypothesized that the AMPK cascade plays a role in preserving renal cell architecture and cell polarity in the face of energy deprivation and that its preactivation might thus be protective in the context of AKI. Drugs such as metformin, in wide clinical use for the treatment of type II diabetes mellitus, are capable of enhancing AMPK activity (56) and have been shown to have beneficial effects in vivo in the setting of cardiac ischemia (8, 57) . We show that AMPK can be activated by metformin in the cultured Madin-Darby canine kidney (MDCK) line of renal tubule epithelial cells and that pretreatment before energy deprivation decreases internalization and mislocalization of Na-K-ATPase. Furthermore, AMPK preactivation at least partially ameliorates histological and biochemical consequences of kidney injury in an in vivo model.
MATERIALS AND METHODS
Cell culture. MDCK cells were grown in a 5% CO2-95% air humidified incubator at 37°C in ␣-MEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 50 U/ml penicillin, and 50 g/ml streptomycin. Cells were subjected to energy depletion via incubation in a prewarmed glucose-free DMEM containing 0.1 M antimycin A (AA) and 25 mM 2-deoxyglucose (2-DG; Sigma-Aldrich, St. Louis, MO) to inhibit aerobic and substrate-dependent ATP generation, respectively. Cells were subjected to 30 min to 1 h of energy deprivation. Cells subjected to AMPK preactivation were treated with 1 mM metformin (Sigma-Aldrich) or 1 mM AICAR (Calbiochem, San Diego, CA) added to their media for 2 h.
Generation of AMPK-deficient cell line. As previously described (59), a short hairpin (sh) RNA targeting the canine AMPK ␣1-subunit was subcloned into pLH1, a derivative of the pSUPER plasmid. The sequence was as follows: 5=-GCAGAAGTTTGTAGGGCAATT-3=. Plasmids were transfected with pVSVG into HEK-G2 cells via lentiviral packaging and then allowed to infect subconfluent MDCK cells. Stable MDCK cell clones were selected and maintained in ␣-MEM containing 4 g/ml puromycin (Sigma-Aldrich). Western blot analysis was performed to screen clones for reduced expression of AMPK ␣1. To derive a control cell line, MDCK cells were infected with an empty pLH1 lentiviral-packaged plasmid.
Western blot analysis. Western blotting was performed according to the standard protocol used in our laboratory (64) . Cells were lysed with buffer containing phosphatase and protease inhibitors [250 mM sucrose/50 mM NaCl/50 mM NaF/5 mM Na 4P2O7/1 mM Na3VO4/20 mM Tris·HCl, pH 7.4/2 mM DTT/1% Triton X-100/Complete (Santa Cruz Biotechnologies, Santa Cruz, CA)]. Cell lysates were cleared by centrifugation at 18,000 g for 15 min at 4°C, and protein concentrations were determined by colorimetric assay (Bio-Rad, Hercules, CA). Proteins were resolved by SDS-PAGE on an 8% gel, electrophoretically transferred to nitrocellulose membranes (Bio-Rad), and nonspecific binding sites were blocked through incubation for 1 h at room temperature in buffer containing 20 mM Tris, pH 7.4, 150 mM NaCl, 5% powdered milk, and 0.1% Tween. Blots were then incubated with one of the following primary antibodies in 1:100 dilutions: anti-pan-␣-AMPK, anti-phospho-AMPK (p-AMPK) (Cell Signaling, Boston, MA), anti-phospho-acetyl-CoA carboxylase (p-ACC; Upstate, Billerica, MA), and ␤-actin (Abcam, Cambridge, MA). Subsequently, membranes were probed with horseradish peroxidase-conjugated species-appropriate secondary antibodies, diluted 1:100 (Jackson ImmunoResearch Laboratories, West Grove, PA) and proteins were visualized with an enhanced chemiluminescence detection kit (Amersham, Piscataway, NJ). Band density was quantified using Image J software (National Institutes of Health, Bethesda, MD).
ATP measurement. Measurement of ATP levels was performed as previously described (62) . Briefly, MDCK cells were plated and grown to confluence. After treatment with 2-DG/AA, metformin, or AICAR, cells were quickly washed with double-distilled water, scraped off the wells into 0.5 ml of fresh double-distilled water, and then lysed by sonication for 30 s on ice. Samples were then boiled for 3 min to inactivate ATP hydrolytic activity and centrifuged at 4°C for 10 min at 15,000 rpm. The supernatant was collected, and protein concentrations were determined by colorimetric assay (Bio-Rad). ATP levels were measured using the Sigma FL-AA Bioluminescent assay kit, which involved incubating 25 l of cell extract and 100 l of ATP assay mix (FL-AAM) diluted in ATP assay mix dilution buffer (FL-AAB). Bioluminescence derived from the luciferinluciferase reaction was measured in a luminometer (Beckman, Brea, CA).
Cell surface biotinylation. MDCK cells were plated on Transwell filter inserts (Corning, Corning, NY), biotinylated with NHS-SSbiotin as described previously (17) , and then subjected to treatment with metformin or incubation with ␣-MEM before energy deprivation. Biotin exposed at the basolateral cell surface was stripped with 100 mM 2-mercaptoethane sulfonate sodium (MesNa), and cells were washed with PBSϩϩ (supplemented with 10 mM MgCl2 and 1 mM CaCl 2). Cells were then lysed in one milliliter of lysis buffer (150 mM NaCl, 50 mM Tris, 1 mM EDTA), and incubated overnight at 4°C with streptavidin-conjugated agarose beads (Pierce, Rockford, IL). Precipitated proteins were eluted from the beads through incubation in SDS-PAGE sample buffer supplemented with 100 mM DTT and analyzed by standard SDS-PAGE and Western immunoblotting. To assess the level of Na-K-ATPase expression, equal amounts of total lysates were subjected to SDS-PAGE and Western immunoblotting using a monoclonal antibody (␣5) directed against an epitope of the ␣-subunit of Na-K-ATPase (25) . Band density was quantified using Image J software (National Institutes of Health).
Immunofluoresence analysis of MDCK cells. Immunofluoresence analysis of MDCK cells was performed according to the standard protocol used in our laboratory (64) . Cells were plated on Transwell filters, grown to confluency, and allowed to polarize fully over the course of 3 days. They were treated with AICAR, metformin, energy deprivation, or AICAR and metformin before energy deprivation, as described above. Cells were then fixed with 4% paraformaldehyde in PBSϩϩ for 30 min at room temperature and washed with PBSϩϩ. Fixed cells were permeabilized with PBS containing 1% BSA and 3% Triton X-100 (Sigma), and then blocked with goat serum dilution buffer (16% goat serum/20 mM Na3PO4, pH 7.4/450 mM NaCl/0.3% Triton X-100). Cells were incubated in the ␣5 monoclonal antibody directed against the ␣-subunit of the Na-K-ATPase at a dilution of 1:100, and proteins were visualized with a FITC-conjugated goatderived antibody directed against anti-IgG (Sigma), diluted 1:100. Slides were mounted with VectaShield aqueous mounting medium (Vector Laboratories, Burlingame, CA). Samples were evaluated and imaged using a Zeiss LSM 410 confocal microscope, using uniform contrast and brightness settings that were chosen to ensure that all pixels were within the linear range.
ATPase assay. The ATPase assay was performed using a colorimetric procedure to quantify the P i released from ATP, as previously described (35) . Briefly, polarized MDCK cells were untreated (control) or treated with 1 mM of AICAR (AICAR), 2 mM of metformin (Met), energy depleted by incubating with 2DG/AA, or pretreated with AICAR (AICARϩ2DG/AA) or metformin (Metϩ2DG/AA) for 2 h before energy depletion. After various treatments, membranes were permeabilized by incubating cells in 0.65 mg/ml deoxycholic acid, 2 mM EDTA, and 20 mM imidazole for 30 min at room temperature. ATPase measurement was accomplished by incubating 50 l of permeabilized cells containing 10 g of total protein with 500 l of assay solution (3 mM MgCl 2, 3 mM Tris-ATP, 25 mM imidazole, 3 mM KCl, and 100 mM NaCl, pH 7.4) for 2 h at 37°C to allow at least 4% and no more than 10% of the total ATP to be hydrolyzed under V max conditions. To assess the maximal specific Na-K-ATPase activity, samples were incubated in the presence or absence of 100 M ouabain. After incubation, the reaction was stopped by adding 1 ml of fresh cold stop solution (0.5 M HCl, 3% ascorbic acid, 0.5% ammonium molybdate, 1% SDS). The color development of the phosphate assay was achieved by addition of 1.5 ml of a solution containing 2% sodium meta-arsenite, 2% sodium citrate, and 2% acetic acid. Tubes were then incubated at 37°C for 10 min. Free P i was measured by absorbance at 850 nm on a Beckman DU-640 spectrophotometer. The specific Na-K-ATPase activity was determined by calculating the difference between samples with or without 100 M ouabain. The experiments were performed in triplicate, and results shown correspond to the mean of three different assays.
Acute renal ischemia. All animal protocols were approved by the Yale School of Medicine Institutional Animal Care and Use Committee. Eight-week-old male C57BL/6 mice (Charles River, Wilmington, MA) weighing 20 -25 g were treated with intraperitoneal injections of metformin (Sigma) at 300 mg·kg Ϫ1 ·day Ϫ1 or with a similar volume of vehicle for 3 days before surgery. Animals were then anesthetized with ketamine (100 mg/kg) by intraperitoneal injection and, using aseptic techniques, subjected to a laparotomy only ("sham surgery") or a laparotomy with bilateral renal pedicle clamping ("ischemia") for 30 min. Ischemia was confirmed by color change observed in kidneys following clamping. For analgesia, buprenorphine (0.05 mg/kg) was injected subcutaneously before surgical procedures and then postop-eratively every 12 h for 48 h. Supportive fluids were given throughout the operative period, and hypothermia was prevented by use of an isothermal heating pad and warming lights.
At each specified time point, the animals were once again anesthetized with ketamine (100 mg/kg) and subjected to a laparotomy. Kidneys were collected after being snap frozen in situ. Frozen kidneys were stored at Ϫ80°C or immediately homogenized in 800 l of cold homogenization buffer containing phosphatase and protease inhibitors [250 mM sucrose/50 mM NaCl/50 mM NaF/5 mM Na 4P2O7/1 mM Na3VO4/20 mM Tris·HCl, pH 7.4/2 mM DTT/1% Triton X-100/ Complete (Santa Cruz Biotechnologies)]. Homogenates were then prepared as previously published (41) . Specimens were rotated for 1 h at 4°C, centrifuged at 16,000 g for 5 min at 4°C to separate nuclei and tissue debris, and then ultracentrifuged at 100,000 g for 60 min at 4°C to remove cytoskeletal proteins. Protein concentrations of supernatants were determined by Bradford assay (Bio-Rad) and subjected to Western blot analysis.
Fixation and preparation of kidney tissue. Kidney tissue was fixed according to our laboratory's standard protocol (50) . Briefly, mice were fixed via whole body ventricular perfusion of PBS, pH 7.4 for 15 s followed with freshly prepared 4% formaldehyde in PBS for 2 min. Kidneys were removed, dissected into transverse slices 1 mm thick, and postfixed for 1 h at room temperature. This fixation was followed by three 15-min washes in PBS. The tissue was then prepared for cryostat sectioning or further postfixed in PBS 1% glutaraldehyde followed by osmication and embedding in EPOX-812 resin. Epoxyembedded tissue was sectioned at 2 m with a Reichert Ultracut-E ultramicrotome and stained with a mixture of 1% azure I and II in water and 0.5% sodium borate.
Immunofluoresence analysis of mouse kidneys. Cryostat-prepared sections were subjected to 15 min of antigen retrieval through incubation in 10 mM, pH 6.0 citrate buffer. Following multiple washes with TBS and quenching with 0.5 M NH 4Cl, sections were washed with 1% SDS and then blocked with 0.1% BSA in 10% goat serum buffer. Primary antibody to p-AMPK or to the ␣5-antibody of the Na-K-ATPase was applied at a dilution of 1:500, followed by secondary antibody Alexa Fluor goat anti-rabbit 594 or 488, respectively, at a 1:200 dilution (Molecular Probes, Carlsbad, CA).
Measurement of biochemical parameters. Urine was obtained by bladder puncture, and blood was obtained by retro-orbital bleed. Urine Fig. 1 . AMP-activated protein kinase (AMPK) activation occurs with ATP depletion and with administration of 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR) and metformin in Madin-Darby canine kidney (MDCK) cells. MDCK cells were treated with AICAR, or metformin, or energy depleted using a combination of 2-deoxy-D-glucose (2-DG) and antimycin A (AA) in a glucose-free media. Cell lysates were prepared as described in the text, and 10 g of protein was loaded in each well. A: representative Western blot of MDCK cell lysates demonstrates AMPK activation, as revealed by increases in the level of phosphorylated (p)-AMPK in response to treatment with AICAR, metformin, or to energy depletion produced by incubation with 2-DG/AA. Phospho-acetyl-CoA carboxylase (p-ACC) is also upregulated under these conditions. B: quantification of p-AMPK relative to total AMPK expression by densitometry. C: treatment with metformin activates AMPK in a dose-dependent fashion. Results are representative of at least 3 independent studies and reflect means Ϯ SE. neutrophil gelatinase-associated lipocalin (NGAL) measurements were obtained via ELISA (38) and were performed in the laboratory of Dr. Prasad Devarajan (Cincinnati Children's Medical Center, Cincinnati, OH). Fresh whole blood capillary samples were measured on a coulometric electrochemical sensor to obtain glucose levels (Abbott, Alameda, CA). Serum creatinine measurements were performed by the Mouse Metabolic Phenotyping Center (MMPC) at Yale (New Haven, CT).
Statistical evaluation. All experiments were carried out in at least three independent replicates. Values are expressed as means Ϯ SE. Comparisons between experimental groups were made using Student's t-test.
RESULTS

AMPK activation in MDCK cells. AMPK activity responds
to alterations in the ratio of AMP:ATP. Thus we anticipated that subjecting MDCK cells to energy depletion would lead to an increase in p-AMPK (activated) levels. ATP depletion was achieved by incubation in a glucose-free media containing 2DG/AA. This treatment led to AMPK activation, as detected by Western blotting using an antibody directed against p-AMPK at Thr172. We also probed blots with an anti-p-ACC antibody, which revealed that energy deprivation led to increased levels of p-ACC in MDCK cells (Fig. 1A) . AMPK activation was detected within 1 min of energy deprivation initiation and was reversed after 1 h of recovery in standard glucose-containing media (data not shown). Metformin and AICAR, known activators of AMPK in other cell types (9, 11, 67) , also activated AMPK, as detected by Western blotting (Fig. 1A) . The activation of AMPK by metformin is dose dependent (Fig. 1C) .
Energy depletion results in internalization of Na-K-ATPase, and preactivation of AMPK attenuates this effect. Multiple investigators have shown that energy depletion results in internalization of Na-K-ATPase from the cell surface into intra- Fig. 2 . AMPK preactivation decreases the extent of Na-K-ATPase internalization induced by ATP depletion, as detected by immunofluoresence microscopy and cell surface biotinylation as described in MATERIALS AND METHODS. A: confocal image of untreated MDCK cells labeled with an antibody directed toward the ␣-subunit of the Na-K-ATPase. Energy depletion induced by 2DG/AA results in internalization of the Na-K-ATPase (B), while preincubation of cells with AICAR (C) or metformin (D) ameliorates this effect. E: cell surface biotinylation was performed, and cells were subsequently subjected to energy depletion or treated with metformin before energy depletion. 2-Mercaptoethane sulfonate sodium (MesNa) was used to strip the biotin tag from proteins exposed at the basolateral plasma membrane, and the remaining intracellular biotinylated proteins were recovered with streptavidin. F: quantification of 5 independent experiments. Bars represent percentage of total Na-K-ATPase recovered with streptavidin after MesNa stripping. G: total cellular levels of ouabain-sensitive Na-K-ATPase activity are preserved in cells pretreated with AMPK activators AICAR or metformin before energy depletion. Values are means Ϯ SE. NS, not statistically significant.*P Ͻ 0.05, **P Ͻ 0.01 compared with 2-DG/AA. cellular compartments (28, 39) . We wondered whether AMPK preactivation would reduce this effect. To test this possibility, MDCK cells were incubated with 2DG/AA and Na-K-ATPase localization was assessed by immunofluorescence microscopy and by cell surface biotinylation. As expected, ATP depletion resulted in internalization of Na-K-ATPase to endocytic compartments ( Fig. 2, B, E, and F) . Metformin treatment alone produced no effect on Na-K-ATPase distribution (Fig. 2C ), but pretreatment with metformin substantially reduced this effect (Fig. 2, D-F) . Pretreatment with an AMPK activator (either metformin or AICAR) before energy depletion preserved the level of total cell-associated, ouabain-sensitive Na-K-ATPase activity (Fig. 2G ). AICAR administered in association with energy depletion seems to result in slightly higher activity levels of Na-K-ATPase than does metformin pretreatment, but this difference was not statistically significant.
Effects of energy depletion on an AMPK-deficient cell line. To determine the significance of AMPK in the cellular response to energy depletion, we created a cell line with reduced expression of the AMPK ␣1-subunit, the predominant isoform in MDCK cells. This AMPK ␣1-line has been previously characterized (59) . As expected, upon exposure to ATP depletion, AICAR incubation, and metformin incubation, levels of activated p-AMPK were significantly decreased, but not com-pletely abolished, in the AMPK-␣1 knockdown cells compared with control cells (Fig. 3) . At baseline, AMPK knockdown cells had slightly, but significantly, lower ATP levels. The effect of energy depletion on ATP levels, however, was similar to that seen in control cell lines. In wild-type cells, incubation with AICAR or metformin did not significantly alter ATP levels (Fig. 3B) . In contrast to wild-type MDCK cells and cells transfected with an empty viral vector, AMPK-deficient cells preincubated with metformin still exhibited significant endocytosis of Na-K-ATPase in response to energy deprivation (Fig. 4) .
Localization of p-AMPK in mouse kidneys. Localization of p-AMPK at baseline and after acute kidney ischemia has been characterized in the rat (15, 41) . In murine kidneys, we demonstrate similar localization of p-AMPK under these conditions. Upon immunofluorescence staining using a p-AMPK-specific antibody, p-AMPK was detected in the apical membranes of distal tubules of mice at baseline. Following ischemia, there was a diffuse increase in p-AMPK fluorescence globally, including within proximal tubules and glomeruli ( Fig. 5 ). Metformin has been demonstrated to activate AMPK in the heart, vascular tissue, and kidney homogenates (30, 57, 68) . We observed that treatment with metformin delivered by intraperitoneal (ip) injection results in increased fluorescence of p-AMPK in all Fig. 3 . AMPK-deficient (KD) cell lines demonstrate dramatically reduced AMPK activation following treatment with AMPK activators and energy depletion, as revealed by assessing levels of p-AMPK by Western blotting. A: representative immunoblot demonstrating wild-type MDCK cell and AMPK KD cell response to AICAR, metformin, and energy deprivation treatments. AMPK and ACC are both activated in these settings, but to a substantially reduced degree in AMPK-deficient cells. AMPK KD cells also have significantly reduced p-AMPK at baseline and blunted response to AMPK activators. B: treatment with AICAR or metformin before or during energy deprivation does not significantly alter ATP levels. C: cells deficient in AMPK have lower baseline ATP levels but (D) the response of ATP levels to energy depletion is similar to that of control cell lines. Blots and figures are representative of at least 3 independent experiments. Values are means Ϯ SE. cortical tubule segments (Fig. 5 ). Furthermore, this activation appears to be dose dependent, as assessed by immunofluoresence microscopy. Western blot analysis of p-AMPK levels also confirmed that AMPK activation occurs in response to the metformin dosing regimen employed in the in vivo studies that follow (Fig. 6) .
Metformin effects on serum glucose concentration. Reportedly, high doses of metformin induce hypoglycemia in rodents (49) , but doses in the range of 330 mg·kg Ϫ1 ·day Ϫ1 given orally have no significant effect on serum glucose levels (67) . In our model, doses of up to 375 mg·kg Ϫ1 ·day Ϫ1 given ip did not significantly alter blood glucose levels. At higher doses, however, there was a trend toward lower glucose levels (Table 1) . Chronic metformin dosing at 300 mg·kg Ϫ1 ·day Ϫ1 ip for 3 days did not result in hypoglycemia (Table 2) .
Na-K-ATPase mislocalization after renal ischemia in vivo is attenuated by metformin pretreatment. Loss of cell polarity and mislocalization of Na-K-ATPase are well-described consequences of energy depletion in renal epithelia in situ (3, 39) . Immunofluorescence analysis revealed that this behavior was also observed in the kidneys of mice subjected to renal ischemia. We observed that in animals pretreated with metformin for 3 days before the imposition of renal ischemia, Na-K-ATPase localization was largely preserved compared with in vehicle-treated ischemic mice (Fig. 7) .
NGAL levels impacted by metformin pretreatment. NGAL, an early, sensitive marker of renal tubular injury, is a small, secreted, protease-resistant polypeptide that is easily detected in the urine and is upregulated within hours of renal ischemia (38) . Urinary NGAL levels, measured by ELISA, were lower in metformin-pretreated animals subjected to ischemia compared with their vehicle-treated counterparts (Fig. 8) . When normalized to average urinary creatinine, NGAL:creatinine ratios were also significantly reduced in animals pretreated with metformin before being subjected to renal ischemia compared with vehicle-treated animals that underwent renal ischemia. Serum creatinine levels 24 and 48 h postischemia were not significantly different in the two groups (data not shown).
Improvement in histological appearance with metformin pretreatment. We next evaluated histological correlates of kidney injury in animals subjected to vehicle or metformin treatment before renal ischemia. Saline-treated animals demonstrated normal proximal tubule segments with open lumens and well-defined brush borders (Fig. 9A ). Electron micrographs (EMs) (Fig. 9, D and G) showed a normal tubular ultrastructure and brush border. Kidneys from vehicle-treated animals following ischemia-reperfusion ( Fig. 9B ) had partially collapsed lumens with loss of brush borders, apical blebbing, and intraluminal tubular debris. By EM, we observed swollen epithelial cells with brush border loss and apical blebbing (Fig. 9, E and H) . Metformin-treated animals subjected to ischemia (Fig. 9C ) exhibited dilated tubules with preserved cellular architecture and brush borders. Occasional cells showed vacuolization. At the EM level, tubules demonstrated preserved cellular architecture with some attenuation of the brush border (Fig. 9, F and I) . DISCUSSION We report that AMPK can be activated in MDCK cells by energy deprivation and through pharmacological stimulation with AICAR and metformin. ACC, a known downstream target of AMPK in cardiac cells, skeletal muscle, and hepatic epithe- Fig. 4 . Metformin pretreatment does not rescue Na-K-ATPase endocytosis in AMPK-deficient cells. We assessed whether AMPK preactivation would alter Na-K-ATPase internalization in AMPK-deficient cells compared with cells expressing a vector control via cell surface biotinylation. A: and B: Western blots of streptavidin-recovered Na-K-ATPase or Na-K-ATPase in the total cell lysates. Cells were biotinylated, then treated with 2DG/AA or with metformin before 2DG/AA. Surfaceexposed biotin groups stripped with MesNa and the remaining intracellular biotinylated proteins were recovered with streptavidin. Blots were probed with antibody directed against the Na-K-ATPase ␣-subunit. Quantification (C and D) reflects at minimum 4 separate experiments. Results are means Ϯ SE. *P Ͻ 0.05 compared with 2DG/AA alone; NS, not significant compared with 2DG/AA. lia (27, 43, 67) , is also phosphorylated in response to AMPK stimulation in MDCK cells.
Metformin activates AMPK in Sprague-Dawley rat kidney lysates (30) , but immunocytochemical localization of metformin-induced AMPK activity in the kidney has not been previously described. We demonstrate that metformin treatment increases detectable p-AMPK in a dose-dependent manner and that metformin-induced AMPK activation occurs in proximal tubules as well as in distal segments. Mount et al. (41) described in rats a diffuse increase in renal cortical p-AMPK within 5 min of renal ischemia, and our investigations recapitulate this finding in the murine kidney. ACC and endothelial nitric oxide synthase (eNOS) do not appear to be downstream targets of metformin-induced AMPK activation in our model (Fig. 6) , consistent with the finding that ischemiainduced AMPK activation in the rat kidney is also not associated with phosphorylation of eNOS or ACC (41) . Interestingly, this behavior is distinct from the response that metformin produces in MDCK cells.
Metformin is theorized to act by inhibiting oxidative phosphorylation through blockade of a mitochondrial phosphorylation complex 1 (12, 47) . This effect would be expected to reduce cellular ATP and increase AMP levels, which would lead to AMPK activation as a consequence of AMP binding to the ␥-subunit and subsequent phosphorylation of the ␣-subunit at Thr-172 by an upstream AMPK. However, this model conflicts with reports indicating that total cellular ATP levels are not affected by standard doses of metformin (47, 67) . More subtle changes in the ATP:AMP ratio, or even an alteration of local ATP concentrations may activate AMPK. Consistent with this interpretation, our data indicate that metformin and AICAR treatment produce no significant changes in cellular ATP levels. We suspect, therefore, that AMPK's observed effect on Na-K-ATPase localization is not simply due to its impact on cellular energy supply.
Given the potential importance that the AMPK cascade has in generating and maintaining epithelial cell polarity, we evaluated the effect of AMPK preactivation on the distribution and activity of the Na-K-ATPase in response to energy depletion. Our studies confirm that in vitro energy depletion and in vivo renal ischemia result in mislocalization of Na-K-ATPase. We also observed that AMPK preactivation may preserve the appropriate subcellular localization of the Na-K-ATPase as well as the morphological organization of renal epithelial cells. In MDCK cells, AMPK preactivation by metformin decreases Na-K-ATPase internalization after energy depletion, as detected by immunofluoresence microscopy and cell surface biotinylation, and preserves the level of cell-associated ouabain-sensitive Na-K-ATPase activity. AICAR pretreatment seems to result in even higher levels of total cellular Na-K- ATPase activity than does metformin pretreatment, but this difference was not statistically significant. Most gratifyingly, in murine kidneys, basolateral localization of Na-K-ATPase is largely preserved in animals treated with metformin before the imposition of renal ischemia.
In ␣1-AMPK-deficient cells, this metformin-induced protection of Na-K-ATPase localization is not observed. It should be noted that a small quantity of p-AMPK activity is detectable in the ␣1-AMPK knockdown cells. This residual AMPK activity is likely associated with ␣2-AMPK, which is expressed at similarly low levels in both control and ␣1-AMPK knockdown cells (59) . These data suggest that this small pool of ␣2-AMPK is insufficient or unable to prevent Na-K-ATPase internalization in response to energy depletion.
These findings are intriguing for several reasons. As the Na-K-ATPase is a highly energy-dependent pump, it seems counterintuitive that AMPK, which generally turns off ATPconsuming processes, would allow maintenance of Na-K-ATPase activity by prohibiting its internalization from the basolateral membrane (24) . Recent studies by Vadász et al. (61) have shown that AMPK activation actually promotes internalization of Na-K-ATPase in alveolar epithelial cells. Hallows et al. (19) also demonstrated that AMPK inhibits apical accumulation of vacuolar H ϩ -ATPase in epididymal clear cells. Both groups logically posit that by reducing the cell surface population of an ATP-consuming pump, energy utilization is decreased. The data presented here suggest that in renal epithelial cells, metformin-induced AMPK activation sends a different message. In a separate study, our group has also observed that inhibition of AMPK with compound C actually induces Na-K-ATPase internalization in MDCK cells, possibly via AMPK's association with AS160, a Rab-GTPaseactivating protein (2) . If renal epithelial cells substantially reduced basolateral Na-K-ATPase pumping capacity, then transepithelial fluid reabsorption would be severely compromised, leading to massive diuresis and volume depletion. Although each individual renal epithelial cell might logically be expected to respond to metformin-induced AMPK activation by reducing ATP utilization via internalization of Na-K-ATPase, these cells appear to defer this self-preserving action and instead ensure the capacity of the kidney to maintain the organism's volume homeostasis. Interestingly, in the original characterization of ischemic preconditioning, it was postulated that compromising the activities of certain key ATPases, including the Na-K-ATPase, might substantially reduce cell viability. Thus the Na-K-ATPase may not be a primary target of preconditioning's energy-conserving consequences (42) .
The magnitude of serum creatinine elevation induced by renal ischemia was not significantly impacted by metformin pretreatment, indicating that AMPK activation, at least as achieved in the present studies, is by no means a panacea for the prevention of functional consequences of AKI. It is possible that preservation of renal function might be achievable with different dosing and delivery regimens for metformin. We did observe, however, that levels of NGAL, a biomarker of renal tubular injury, are impacted by metformin pretreatment. It is also encouraging that metformin-induced AMPK activation before renal ischemia appears to partially ameliorate the histological and biochemical consequences of ischemia-induced cellular injury. Lin et al. (32) also reported that treatment with a regimen combining the AMPK activator AICAR and N-acetylcysteine, an antioxidant, attenuates ischemia-reperfusion injury in a canine model of autologous renal transplantation. AMPK activation before, during, and after cardiac ischemia has a protective effect (8, 57) via AMPK-induced GLUT4 translocation, activation of eNOS, and upstream stimulation of AMPK by macrophage migration inhibitory factor (8, 46, 52) . However, since renal epithelial cells do not express GLUT4, and eNOS does not appear to be regulated by AMPK in the kidney, the pathways through which preactivation of AMPK induces partial protection from renal ischemic damage may differ from those in the heart.
Several factors could be responsible for the finding that metformin pretreatment ameliorates at least a subset of the pathological consequences of renal ischemia. AMPK levels change in response to salt intake (15) , and the kinase plays a role in regulating solute transport (20) by inhibiting CFTR (21) , impacting ubiquitination of the epithelial sodium channel (1, 4) , and phosphorylating the Na-K-2Cl cotransporter (14) . AMPK preactivation with metformin may decrease active Fig. 7 . Mislocalization of Na-K-ATPase after ischemia is attenuated by metformin pretreatment. Immunofluorescent images of kidney cortex, prepared as described in the text, probed with an antibody to the ␣-subunit of the Na-K-ATPase are presented here. P, proximal tubule; D, distal tubule. A: vehicle-treated animal exposed to sham surgery. B: vehicle-treated animal subjected to 30 min of bilateral renal pedicle clamping. C: metformin treated animal exposed to sham surgery. D: metformin-treated animal subjected to renal ischemia. The expected distribution of Na-K-ATPase along distinct basolateral membrane surfaces and infoldings (arrows) is observed in untreated animals (A) and in animals treated with metformin (C), but in animals subjected to ischemia-reperfusion injury (B) it appears to be diffuse (arrowheads) and is diminished in intensity (asterisks). Na-K-ATPase localization appears less perturbed in animals pretreated with metformin before ischemia (D). Images were taken at uniform contrast and brightness settings and are representative at least 6 animals/group. Fig. 8 . Levels of urine neutrophil gelatinase-associated lipocalin (NGAL), a biomarker of renal epithelial cell injury, are decreased in ischemic animals that were pretreated with metformin. NGAL measurements were performed by ELISA on urine specimens collected 24 h following post-ischemia-reperfusion (A). When NGAL levels were normalized to average urinary creatinine levels, metformin still appears to confer a protective effect (B). Measurements were performed in at least 6 animals/group. Values are means Ϯ SE. *P Ͻ 0.05. solute transport before injury, reducing the energy demands to be faced in the metabolically vulnerable milieu conferred by ischemia.
Another potential mechanism for AMPK's protective action may lie in its anti-inflammatory activity. Recent studies propose that variations in certain inflammatory cytokines and inflammation-related proteins, such as TNF-␣, IL-6, TLR-6, and TLR-4 contribute significantly to the pathophysiology of AKI (10, 23, 26, 31, 33, 51, 63) . AMPK activation is associated with anti-inflammatory properties and, in particular, downregulation of TNF-␣, inducible nitric oxide synthase, and IL-6 (44, 48) . It will be interesting to examine the impact of AMPK activation on kidney inflammation in the setting of ischemia.
Finally, AMPK activation may also facilitate the activities of heat shock proteins (HSPs) in the kidney (11) . HSPs are molecular chaperones that impact the preservation and restitution of polarity in the setting of renal ischemia. Riordan et al. (53) demonstrated that HSP70 directly interacts with Na-K-ATPase, and others have described that HSP70, HSP25, and HSP90 stabilize Na-K-ATPase in the ischemic rat kidney (5, 6) . The potential relationship between the AMPK cascade and HSP activity will be a topic of future analysis.
Much remains to be learned about the role of AMPK in the generation and maintenance of renal epithelial polarity at baseline and in response to ischemia. Our data suggest that its activity may be exploited to prevent at least some of the epithelial cell damage associated with renal ischemic injury. This is especially interesting since metformin is a drug in wide clinical use that can induce AMPK activation in humans (43) . Future studies will focus on determining whether the doses of metformin that appear to confer partial protection from AKI achieve this effect primarily through AMPK activation in vivo. The possible risk of lactic acidosis in patients with AKI taking metformin also needs to be assessed. In addition, it will be important to determine whether clinically relevant human metformin-dosing regimens are sufficient to induce sufficient AMPK activation. Were this to be so, it may be possible to translate our findings into clinical trials testing the potential of metformin pretreatment in reducing the effects of predictable renal ischemic injury, such as that associated with cardiothoracic surgery and renal transplantation.
